Patients with type 2 diabetes have an increased risk of bone fractures, the predisposing factors for which are unknown. Treatment with thiazolidinediones (TZDs) further increases the incidence of osteoporotic fractures. In the Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes MellitusThrombolysis in Myocardial Infarction 53 (SAVOR-TIMI 53) trial, fractures were considered an adverse event of special interest, and information regarding fractures was collected.
Recent findings indicate that bone strength is closely linked to the regulation of energy metabolism and insulin sensitivity (4) . Bone and glucose homeostasis are controlled by common regulatory factors, including insulin (5), peroxisome proliferator-activated receptor-g (6, 7) , and gastrointestinal hormones such as glucose-dependent insulinotropic peptide (8) and glucagon-like peptide (GLP) (9) .
Owing to the frequent coexistence of type 2 diabetes and osteoporosis and the higher incidence of fractures among patients with type 2 diabetes, it is important to investigate any interaction between antidiabetic drugs and fracture risk. Thiazolidinediones (TZDs) are strongly associated with a decrease in bone mineral density (BMD) and a twofold increase in the risk for fractures in women (10) (11) (12) . Although the evidence linking TZD use and fractures is strong, evidence supporting the effect of other, older, antidiabetic drugs on bone strength is much weaker [protective: metformin (12) (13) (14) , or deleterious: insulin (13, 14) and sulfonylurea (13) (14) (15) ]. In a 4-year follow-up of the Look Action for Health in Diabetes (AHEAD) substudy (16) , intensive lifestyle intervention led to weight loss that was associated with a modest increase in bone loss at the hip in men.
Animal models indicate that incretins may have beneficial effects on bone mass and bone quality (8, 9) . A metaanalysis of phase 2 and 3 clinical trials enrolling 20,000 patients treated for 24 weeks or longer, in which dipeptidyl peptidase-4 (DPP-4) inhibitors were compared with placebo or active treatment, showed that treatment with DPP-4 inhibitors was associated with a reduced risk of fractures (17) . In a recently published retrospective population-based cohort study in which DPP-4 inhibitor (sitagliptin) users were compared with patients treated with other antidiabetic drugs (excluding insulin) and control subjects without diabetes matched for age and sex, no association was found between DPP-4 inhibitor use and osteoporotic fracture risk (18) . We report here the results of the predefined outcome of the adverse event of special interest (AEOSI) of fractures in the Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes MellitusThrombolysis in Myocardial Infarction 53 (SAVOR-TIMI 53) trial.
RESEARCH DESIGN AND METHODS

Study Design and Patient Population
SAVOR-TIMI 53 was a multicenter, randomized, double-blind, placebo-controlled trial that randomized 16,492 patients at 788 sites in 26 countries. Patients had type 2 diabetes with HbA 1c between 6.5% and ,12.0% within 6 months of randomization and a history of established cardiovascular (CV) disease (CVD) and age .40 years or multiple risk factors for CVD, including age .55 for men or .60 for women. Patients were randomized to receive saxagliptin, 5 mg daily (2.5 mg daily in patients with an estimated glomerular filtration rate [eGFR] of #50 mL/min), or matching placebo. Other background glucose-lowering and CV therapies were administered at the discretion of treating physicians. Open-label titration of glucose-lowering therapies was allowed throughout the trial in both arms, excluding the use of DPP-4 inhibitors or GLP-1 receptor agonists. During the trial, systemic steroid use at baseline and/or for more than 3 months was reported in 6 patients (1.2%) who had a fracture and in 272 patients (1.7%) who did not have a fracture (P = 0.59). The study protocol was approved by the relevant institutional review board at each participating site, and written informed consent was obtained from all patients. The primary and secondary outcomes of this trial were previously described (19) .
Fractures as Predefined AEOSI and Their Collection
In the protocol, 10 categories were defined as AEOSI, including bone fractures. Investigators were specifically trained to collect all data regarding AEOSI and record them on a specific page in the electronic case report form (eCRF). Fractures were identified by two criteria: c events reported by the investigator as an AEOSI on the eCRF c searching the full adverse event (AE) database for all patients with a diagnosis matching a prespecified Medical Dictionary for Regulatory Activities (MedDRA) version 15.1 list of preferred terms (excluding "tooth fracture") Analysis was done on the entire population ("overall") and on the population that was "on treatment." Overall categories included all subjects who were randomized (intention-to-treat
[ITT] population), including subjects who never took the study medication, and included all AEs that occurred on or after the date of enrollment. "On treatment" refers to AEs occurring while the subject was receiving treatment. AEs were deemed on treatment if, for nonserious AEs, the event occurred on or before the first day after the last blinded drug dosing date, or for serious AEs (SAEs), the event occurred on or before the 30th day after the last blinded drug dosing date. For those who did not experience bone fracture, the on-treatment window ended at the last dose date + 30 days.
Statistical Analysis
Baseline characteristics of subjects were examined, and subjects with any fracture event were compared with those without such an event. Analyses were conducted on an ITT basis among patients who underwent randomization and by ontreatment analysis among randomized patients who took at least one dose of the study medication. Categorical variables were compared using the 
RESULTS
Incidence of Fractures
Fractures occurred in 241 of the 8,280 subjects (2.9%) randomized to the saxagliptin arm and in 240 of the 8,212 subjects (2.9%) randomized to the placebo arm (HR 1.00; 95% CI 0.83-1. 19 ). Both groups developed 14.7 fractures per 1,000 patient-years. Kaplan-Meier analysis of the time to the first event of bone fracture in the ITT population, by different treatment arms, is shown in Fig. 1A .
On-treatment analysis showed that there were 222 (2.7%) and 220 (2.7%) incident fractures in the saxagliptin and placebo arms, respectively. The exposure-adjusted rate of subjects with on-treatment AEs of bone fracture per 1,000 years of follow-up (based on the first event only) was 14.0 in both groups.
Of the fracture AEOSI, some were also classified as SAEs, mainly due to hospitalization. In the saxagliptin arm overall, there were 95 (1.1%) SAE fractures (88 [1.1%] on treatment), and in the placebo arm overall, there were 84 (1.0%) SAE fractures (79 [1.0%] on treatment; P = 0.53).
The proportions of subjects with an AE or SAE of bone fracture were similar between the saxagliptin and placebo groups across the following subgroups: sex, age, race, regions of residence, baseline CV risk, and baseline renal function categories ( Fig. 2A) .
The occurrence of multiple fractures in the same subject was similar between the two treatment arms: In the saxagliptin group, 24 subjects (0.3%) had two to three events and 2 subjects (,0.1%) had four or more events. In the placebo group, 27 subjects (0.3%) had two to three events, and 1 subject (,0.1%) had four or more events.
Kaplan-Meier accumulation curves according to diabetes duration in the combined two treatment arms (ITT population) showed a gradual increase in the risk of fractures with longer diabetes duration (Fig. 1B) .
Baseline Characteristics and Multivariable Analysis of Subjects Who Had Fractures
Baseline characteristics of subjects who had fractures during follow-up is summarized and compared with those without fractures (Table 1) . Subjects with fractures were older; were more likely to be female, Caucasian, and non-Hispanic or Latino; had longer diabetes duration and lower eGFR; and were more likely to have had a history of dyslipidemia or heart failure and less likely to have had a prior myocardial infarction. Patients with fractures were also more likely to use diuretics, insulin, and TZDs at baseline and less likely to use metformin.
The HR of the time to first event for bone fracture was calculated for the ITT population of the combined two treatment arms, according to the following baseline characteristics: CV risk, renal function strata, demographic subgroups (Fig. 2B) ; diabetes duration, HbA 1c at baseline, the occurrence of hypoglycemia, and albumin-to-creatinine ratio at baseline (Fig. 2C) ; and by baseline diabetic medications (Fig. 2D) = 3.37, P = 0.07). Variables that were not associated with the risk for fractures were the use of sulfonylurea (P = 0.84) or metformin (P = 0.92), BMI (P = 0.63), and the randomized treatment arm (P = 0.95).
Location of Fractures
The distribution of the location of the fractures at the different regions of the skeleton was generally similar between the two treatment arms (Fig. 3) . A major osteoporotic fracture was defined, according to the World Health Organization definition (20), as a fracture of the hip, vertebrae, radius/ulna, or humerus. The difference between the total number of fractures at these locations between saxagliptin (110 fractures) and placebo (102 fractures) was not significant (P = 0.62).
CONCLUSIONS Saxagliptin Versus Placebo
The SAVOR-TIMI 53 trial was a large randomized controlled trial performed in relatively old (mean age 65.1 6 8.5) patients with type 2 diabetes, in whom fracture incidence was prespecified as AEOSI and actively collected. Over a median follow-up of 2.1 years, the incidence of fractures was equally distributed between saxagliptin-and placebo-treated arms in the ITT population (14.7 fractures per 1,000 patient-years) and also in the on-treatment population (14.0 fractures per 1,000 patient-years). Further, no differences were found in the incidence of fractures between the different treatment arms in various predefined subgroups. This is especially important considering some of the high-risk groups that were included in the study: sizeable female population of 5,455, large elderly population of 8,561 aged $65 years old and 2,330 aged $75 years old, and a large population with renal dysfunction, with 2,240 with moderately decreased renal function (eGFR 30-50 mL/min) and 336 with severely decreased renal function (eGFR ,30 mL/min).
Increased risks of fractures among patients with type 2 diabetes were previously reported in the hip (1,2,21,22), proximal humerus (1,2,21), vertebra (23) , and all nonvertebral fractures (1,21, 22, 24) . No significant differences were found between treatment arms in the distribution of the location of fractures in the SAVOR-TIMI 53 patients (Fig. 3) . There was also no difference in major osteoporotic fracture as classified according to the World Health Organization definition (20). Therefore, in conclusion, saxagliptin therapy does not influence the risk of fractures among patients with type 2 diabetes.
The Incretin System and Bone Metabolism
Despite the abundant evidence regarding the interaction between the incretin system and bone health, the results of the SAVOR-TIMI 53 trial do not support a correlation between the use of the DPP-4 inhibitor saxagliptin and the risk of fractures.
In animal models, intermittent administration of glucose-dependent insulinotropic peptide had an anabolic effect and prevented bone loss, similar to parathyroid hormone (25) . GLP-1 appears to have a double-inhibitory effect on bone resorption, one direct and another indirect, via the thyroid C cells (9, 26) . A beneficial effect on bone structure was observed in rats with impaired glucose metabolism treated with exendin-4 (27).
Considering data derived from incretinbased therapy in patients with type 2 diabetes, a 44-week treatment with exenatide versus insulin glargine did not affect BMD (28) . After 1-year treatment with the DPP-4 inhibitor vildagliptin, levels of markers of bone resorption and calcium homeostasis were unaffected compared with baseline and placebo (29) . A meta-analysis of 28 phase 2 and 3 clinical trials enrolling 20,000 patients treated for 24 weeks or longer showed that treatment with DPP-4 inhibitors was associated with a reduced risk of fractures compared with placebo or active treatment (17) . Several factors weaken this meta-analysis compared with the current study: its retrospective nature, post hoc analysis, the inclusion of only fractures that were reported as SAEs, comparison of various interventions, short duration of follow-up (median 35 weeks), and small number of fractures (11 of 5,877 in the DPP-4 inhibitors vs. 21 of 4,928 in the comparators).
However, the discrepancy between the meta-analysis and this report cannot fully be explained by the limitations of the meta-analysis and remains puzzling. The discrepancy is further supported by the difference between the findings in this trial and the results of a post hoc pooled analysis of 20 phase 2 and 3 trials (n = 9,156) comparing saxagliptin with placebo or active comparator, which found an increased risk for fractures with saxagliptin treatment (HR 1.81 [95% CI 1.04-3.28]) (30) . The patient population in the pooled analysis was younger; had a shorter duration of diabetes, better renal function, and less concomitant medication; and was generally healthier compared with the SAVOR TIMI-53 patient population. The difference in patient population may explain the discrepancy between the pooled analysis and the current study results. In a retrospective population-based cohort that compared 22,510 DPP-4 inhibitor (sitagliptin) users out of 216,816 patients treated with other antidiabetic drugs (excluding insulin) and 216,816 control subjects without diabetes matched for age and sex, no association was found between DPP-4 inhibitor use and osteoporotic fracture risk (18) . Despite the large number of patients, that study had a few inherent weaknesses compared with our study, including its retrospective unrandomized nature (differences in the distribution of age, sex, etc. between the groups) and shorter duration of DPP-4 inhibitor treatment (median 1.3 years).
Patients With Type 2 Diabetes, Baseline Characteristics, and the Risk of Fractures
To help define factors that were associated with increased risk of fractures in our population, we conducted a Cox multivariable regression analysis. The following parameters were independently associated with a higher risk for fractures: female sex, longer diabetes duration, older age, noncompliance with study medication (saxagliptin or placebo), major hypoglycemic events during the study, and the use of TZDs. The following parameters were not significantly associated with the risk of fractures, although they were somewhat borderline: lower eGFR, lower HbA 1c , and insulin use. BMI and the use of metformin, sulfonylurea, or saxagliptin were not associated with the risk of fractures in our population.
Female sex, older age, and TZD use are well-known risk factors for fractures. Longer diabetes duration was previously shown to increase fracture risk in retrospective cohort studies (13, 31, 32) and in prospective population-based studies among women (21) and in previously known and treated patients with diabetes but not in newly diagnosed diabetes, in patients with impaired glucose tolerance (22) or in the Chinese population (33) . This association is strengthened by the similar findings in our randomized controlled trial. The recently published analysis of nonvertebral fractures from the Action to Control Cardiovascular Risk in Diabetes (ACCORD)-BONE substudy (34) also demonstrated longer diabetes duration among participants with fractures compared with those without fractures; however, that trial was not controlled for age. As opposed to this finding, a case-controlled, nationwide study from Denmark did not find any association between diabetes duration and the risk of fractures (35); however, that study was done in a very different population with a mean age of 43 years.
Longer diabetes duration might be associated with greater tendency to fall due to sight disturbances, peripheral and autonomic neuropathy, impaired proprioception, and/or postural hypotension. Another possible explanation is that in patients with longer duration of diabetes, the bone is more fragile and more likely to break. A possible mechanism for this includes prolonged exposure to advanced glycation end products that damage bone collagen and affect bone metabolism (36) and increased visceral fat tissue, which is associated with ongoing inflammation that might also damage bone structure (37) .
We found no significant association between baseline eGFR and the risk of fractures in the Cox multivariable analysis. Our findings are strengthened by the ACCORD-BONE analysis (34) , which also did not demonstrate an association between the risk of fracture and baseline eGFR, but rather, found an association between the slope of deterioration of eGFR and the risk of fractures among women.
We found a significantly increased risk for fractures among participants who had a major hypoglycemic event (HR 1.76 [95% CI 1.13-2.74]). This strengthens findings in two previously published studies, a case-controlled nationwide study from Denmark (35) that demonstrated an increased risk for hip fractures and a retrospective observational study that demonstrated an increased risk for fall-related fractures Figure 2 -A: Forest plot of the HR of AE of bone fracture between the saxagliptin and placebo groups across subgroups by demographic and medical history parameters. Forest plot of the HR of the time to first event for bone fracture (derived from CRF or Preferred Terms) by baseline CV risk, renal function strata, and demographic subgroups (B) by demographic subgroups (C ), and by baseline diabetic medications (DM) (D) in the ITT population. ACR, albumin-to-creatinine ratio; CHF, congestive heart failure; MRF, multiple risk factors. The solid squares denote the mean difference and are proportional to the weights used, the horizontal lines represent the 95% CIs, and the vertical line indicates no effect.
(38) in patients with major hypoglycemic events.
The interaction between BMI and even BMD and the risk of fracture in patients with type 2 diabetes is complex and dependent also on fracture site and patient age (39, 40) . BMD seems to underestimate fracture risk in this population. Our study further indicated that higher BMI, and most likely higher BMD, should not be considered as completely protective factors against fractures or osteoporosis in the population with type 2 diabetes, and appropriate diagnostic measurements and treatment for this condition should therefore be considered.
Antidiabetic Drugs and the Risk of Fractures
Our study found that the only antidiabetic drugs that had a statistically significant effect on the risk of fractures were TZDs. Although only ;5% of our patient population was using TZDs at any time during the trial (19) , the use of TZDs was associated with an increased risk for fractures, which further demonstrates the strong effect of this group of drugs on the risk of fractures. TZDs are strongly associated with a decrease in BMD and up to twofold increases in the risk for fractures among postmenopausal woman (10) (11) (12) . TZDs increase the risk of fractures by multiple mechanisms, including an increase in lineage allocation of the stem cells toward adipocytes at the expense of osteoblasts in the marrow, resulting in reduced bone formation (6) .
In our study, metformin was used in ;70% of the entire study population (19) . There was a significantly higher percentage of patients who used metformin at baseline among patients who did not have a fracture compared with those that had a fracture (69.4% vs. 64.4%, P = 0.021) (Table 1) as well as decreased a HR of 0.77 (95% CI 0.64-0.93) (Fig. 2D) . However, multivariable analysis found that metformin use was not independently associated with a reduction in fracture risk (P = 0.92). This might partly be explained by the lower use of metformin among the large population of patients with renal dysfunction.
Although the Rochester cohort suggests that metformin decreases fracture risk in patients with type 2 diabetes (with a HR of 0.7) (13), the A Diabetes Outcome Progression Trial (ADOPT) study did not demonstrate similar beneficial effects of metformin on fracture risk (12) . It did show decreased levels of both bone resorption markers (C-telopeptide cross-linked collagen type 1) and, contrary to animal studies, decreased levels of bone formation markers (procollagen type 1 N propeptide) (15) . No bone metabolic markers were measured in our study, and the follow-up might be too short to show any clinical difference with the use of metformin.
More than 40% of the patients in our study were using insulin at baseline. The univariate Cox regression analysis showed that insulin was associated with an increased risk for fractures (HR 1.45 [95% CI 1.21-1.73]) (Fig. 2D) . However, at the multivariate Cox regression analysis, insulin use was not associated with a significant change in the risk for fractures in our population, possibly due to the association between insulin use and diabetes duration. Contrary to our findings, in another study, insulin-treated women with diabetes had an almost doubled fall incidence (odds ratio 2.78 vs. 1.68) (14) , which might lead to a higher risk for fractures. In the Rochester cohort, insulin use slightly but significantly increased the fracture rate (13) . A prospective study demonstrated that insulin-treated older women with diabetes had more than double the risk of foot fractures (multivariate-adjusted risk ratio of 2.66) compared with patients without diabetes and noninsulinuser patients with diabetes (19) .
In our study, ;40% of the population was using sulfonylureas (19) . The use of sulfonylureas was associated with increased risk for hypoglycemic events in Categorical variables were compared using the xthe saxagliptin arm compared with the placebo arm. Hypoglycemia and, specifically, major hypoglycemic events were associated with increased risk of fracture, and major hypoglycemia was an independent risk factor for fractures in the multivariate Cox regression analysis. However, sulfonylurea use was not associated with an increased risk of fractures at the single-variable analysis (Fig. 2D ) or in the multivariate Cox regression analysis. Similar to our findings, the use of sulfonylurea (glyburide) did not have an effect on bone mass and fracture risk in the ADOPT clinical trial and in the Rochester cohort study (13) .
Study Strengths and Weaknesses
The strength of the study presented here is the large and diverse population of patients with type 2 diabetes monitored prospectively in the SAVOR-TIMI 53 trial. This population includes a large prespecified subset of patients at a considerably high risk for fractures, including women, elderly patients, and patients with renal dysfunction. The diversity of the population regarding HbA 1c at baseline, duration of diabetes, and antidiabetic treatment improve the external validity of this research. Fractures were predefined AEOSI, and information was actively collected throughout the study, which enhances the confidence in the data presented here. A large percentage of fractures were also classified as SAE due to hospitalization, and more data were collected for these cases. The weakness of our study is that fractures were exploratory end points in this trial. Therefore, this study was not designed to collect the data necessary to properly and thoroughly evaluate fractures in general and osteoporotic fractures in particular. All fractures, regardless of their mechanism, were classified together, and any evidence regarding BMD or bone turnover markers was missing. The lack in fracture ascertainment might attenuate the possible association between treatment arms and fracture risk. Another weakness is the relatively short duration of follow-up (median 2.1 years, with interquartile range of 1.8-2.3) (19) , which was just barely longer than 1-1.5 years of use, which is the length of time needed for drugs used for the treatment of osteoporosis (such as bisphosphonates) to show a diminishing effect on the risk of fracture. Lastly, even though the SAVOR-TIMI 53 is one of the largest trials done in this population of patients with type 2 diabetes at high CV and fracture risk, the power of the trial was designed by the primary combined CV outcome and not by the fracture risk and, therefore, may not completely exclude possible change in fracture risk under saxagliptin treatment.
Summary
Saxagliptin neither increased nor decreased the incidence of fractures in a large, diverse population at high risk for fractures. Because fractures are highly prevalent among patients with type 2 diabetes, this is an important safety issue to consider when choosing antidiabetic treatment. We found a strong association between longer diabetes duration and the risk of fractures. This is a significant factor for clinicians to consider, especially because BMD underestimates the risk for fractures among patients with type 2 diabetes. Further data collected through ongoing large outcome studies, as well as by observational studies, may further shed light on this important overlap between two of the largest epidemics of our time: type 2 diabetes and osteoporosis. 
